Introduction leucine zipper (Nrl) (Zhu et al., 2003).
In this report we describe similarities and differences For the visual system to remain responsive at the upper between visual pigment phosphorylation in rods and end of its 10 8 -fold dynamic range, primary sensory cells cones. The study was initiated to identify factors that in the retina must evade saturation even under intense can account for the enhanced ability of cones to adapt illumination (Schnapf et al., 1990) . Rod photoreceptors to light. We used rapid quench and mass spectrometry are useful only for night vision. They reliably detect single methods (Kennedy et al., 2001 ; Lee et al., 2002 ) to invesphotons, but they saturate at moderate levels of illumitigate factors that regulate cone pigment phosphorylanation because their ability to adapt is limited. Daytime tion in vivo. Pioneering studies by Kawamura and colvision relies instead on cone photoreceptors, which leagues provided evidence that Ca 2ϩ inhibits rhodopsin avoid saturation and remain responsive even when illukinase in vitro through the action of a protein known mination is raised 6-7 log units above dark-adapted either as s-modulin or recoverin (Kawamura, 1993). Althreshold (Malchow and Yazulla, 1986; Normann and though this was confirmed by additional in vitro studies Perlman, 1979; Normann and Werblin, 1974). Cones (Chen et al., 1995; Klenchin et al., 1995) , an investigation even avoid saturation in the presence of intense illuminaof biochemical reactions in permeabilized retinas retion that bleaches more than 99% of their visual pigment ported no effect of Ca 2ϩ on rhodopsin phosphorylation (Burkhardt, 1994 regulates both the sites and extent of phosphorylain a given sample by integrating the area under each confirmed cone opsin peak and applying a correction tion on cone pigments. Our studies also revealed a fundamental difference in the way rods and cones regulate factor to account for decreased efficiency of phosphopeptide detection (Lee et al., 2002) . Figure 2A shows visual pigment phosphorylation. In cones, but not in rods, low Ca 2ϩ triggers the phosphorylation of unthe level of each species of blue opsin in dissected retinas that were exposed to bright white light (6.8 bleached visual pigments.
To explore the contributions of protein movement to mW/cm 2 ) for varying times. Note that a large fraction of cone opsin is modified by phosphorylation in as little as light adaptation in cones, we also localized transducin in zebrafish cones. Light stimulates movement of trans-2 min of light exposure and that multiple phosphorylation accumulates in response to steady light. Very similar ducin from the outer to the inner segments of rods in rodent retinas (Sokolov et ., 2003) . Like many other G proteinopsin phosphorylation was similar even when we decreased the flash strength by a factor of two, suggesting coupled receptors, all zebrafish cone opsins have several possible serine/threonine phosphorylation sites that the cone opsin kinase may be saturated in these experiments (data not shown). In contrast to the large near their C termini. Proteolysis of cone opsins with Asp-N proteinase releases a C-terminal peptide conamounts of multiple phosphorylation we observed during continuous illumination, cone opsins were primarily taining all of these potential phosphorylation sites. Figure 1A shows HPLC-ms elution profiles for each C-termonophosphorylated following flash illumination (data not shown). Interestingly, the maximum fraction of pigminal peptide from uv, red-1/2, blue, green-1/2, and green-3/4 cone opsin from approximately two-thirds of ment molecules phosphorylated after the flash, approximately 3%-4% for blue opsin and green opsin, was a dark-adapted zebrafish retina. Each cone opsin C-terminal peptide was sequenced by collision-induced dismuch less than the fraction of pigment molecules bleached ‫.%02ف‬ sociation (CID) to confirm its identity (data not shown).
We also measured the rate of cone opsin phosphorylation and dephosphorylation in vivo ( Figure 2C ). Live zebrafish were exposed to intense, uniform illumination Cone Opsin Is Phosphorylated in Intact Zebrafish Cones (12 mW/cm 2 ) for various times up to 10 min. The level of green and blue cone opsin phosphorylation reached To test if cone opsin is modified by phosphorylation within functioning cones, we exposed intact zebrafish a steady-state level in approximately 1.5 min (green opretinas in an oxygenated physiological solution to insin) to 4 min (blue opsin). The rate of cone opsin dephostense white light (6.8 mW/cm 2 ) for 4 min. Figure 1B phorylation was measured in darkness following 10 min shows HPLC-ms chromatograms monitoring narrow of continuous light exposure. Both blue and green cone mass windows (1.5-2 Daltons) centered on the predicted opsins were dephosphorylated at a similar rate (t 1/2 ϭ mass for doubly charged green-1/2 cone opsin C-ter-4 min). minal peptides modified by zero to five phosphates (0P-5P) from dark-and light-adapted retinas. We observed peptides in the light-adapted sample with mass to Major Sites of Cone Opsin Phosphorylation Peptides monophosphorylated at different sites could charge ratios (m/z) that matched those predicted for the various phosphorylated forms of green opsin that were be resolved under optimal chromatography conditions. Peptides in each peak were fragmented by CID to idennot present in dark-adapted retinas (shaded peaks, Figure 1B, right panel) . The identities of these peptides tify the site of phosphorylation. Figure 3 shows the major sites of phosphorylation on blue and green opsins in were confirmed by CID ( Figures 1C and 1D) . Very similar results were observed when these same samples were dissected retinas and in vivo. In vivo, monophosphorylated peptides modified at a serine residue close to the reanalyzed for blue opsin and green-3/4 opsins (data not shown). Red and uv opsin C-terminal peptides were C terminus of blue opsin make up a major component before steady-state phosphorylation is achieved, while not as reliably detected. 
Cone Opsin Dephosphorylation in Isolated Retinas
Is Blocked by Light in a cT␣-Dependent Manner To ensure that the differences we observed were not a result of less light reaching the retina in cT␣ null fish, Unexpectedly, we observed extremely slow cone opsin dephosphorylation kinetics in dissected retinas that we repeated the experiment using dissected retinas in a physiological solution. We detected ‫-5ف‬fold less total were exposed to light and then incubated for up to an hour in darkness. Cone opsin dephosphorylation in vivo phosphorylation in dissected cT␣ null retinas compared to wild-type retinas in response to steady illumination at is complete within 20 min ( ]. Surprisingly, substantial amounts of phosphorylated cone opthat normally accompanies bleaching in wt retinas was required for inhibition of phosphatase activity, we sin accumulated ( Figure 7A ). After 5 min in darkness in 0 Ca 2ϩ solution, ‫%02-%51ف‬ of both blue and green bleached cT␣ null retinas in 0 Ca 2ϩ solution and returned the retinas to Ringer solution for dark adaptation. Once opsins were phosphorylated, compared to ‫%1-%5.0ف‬ when the retinas were incubated in normal Ringer soluagain, we observed normal dephosphorylation. Finally, we tested whether recovery of intracellular Ca 2ϩ during tion. Light-independent cone opsin phosphorylation reached a maximum value of 15%-20% after approxidark adaptation was necessary for cone opsin dephosphorylation. Dephosphorylation proceeded normally in mately 5-10 min in 0 Ca 2ϩ solution (data not shown) and was fully reversible if the retinas were returned to normal cT␣ null zebrafish cones even when they were maintained in 0 Ca 2ϩ solution during dark adaptation. This Ringer solution. Nearly all of the phosphorylated green and blue opsin molecules were modified by one or two proves that the enzyme that dephosphorylates vertebrate cone pigments does not require Ca 2ϩ . Table 1 phosphates under these conditions. The distribution of summarizes the effects of Ca 2ϩ and light on cone pigphosphates on both green and blue opsin was nearly ment dephosphorylation.
identical when retinas were bathed in 0 Ca 2ϩ in darkness or illuminated 30 s in normal Ringer ( Figure 7C Figure 7A) . level of phosphorylation in wt and cT␣ null retinas at adapted fish or fish that were exposed to intense illumination for 5-15 min (Figures 8C-8F) . In all cases, we observed strong labeling of cone outer segments with an antibody against cone transducin (Brockerhoff et al., 2003). We could not assess the localization of transducin in red/green double cones under bright illumination because the retinal pigment epithelium envelops double cone outer segments and quenches immunofluorescence after ‫51-01ف‬ min of illumination ( Figure 8B ). However, the inner segments and cell bodies of red/green double cones can be specifically labeled with the antibody zpr-1. We found no evidence of overlapping staining patterns between the transducin and zpr-1 antibodies, indicating that little cone transducin is present in the inner segments or cell bodies in light-or dark-adapted double cones (Figures 8C and 8D) . We also localized cone transducin in dissected retinas that were incubated in either normal Ringer solution or 0 Ca 2ϩ solution in darkness for 5-15 min (data not shown). There was no difference in transducin localization under these con- it can be phosphorylated. This explanation is supported following intense flashes is determined partly by phosphorylation but mostly by spontaneous decay. Inactivaby the relationship between active-state lifetimes and times of peak phosphorylation in rods and cones. These tion following dimmer flashes that do not saturate the kinase should be more dependent on phosphorylation results imply that inactivation of cone photoresponses the animal species. Further studies will be required to resolve the relative contributions of pigment depletion,
